SUMMARY -Th e use of multidetector computed tomography (MDCT) is an integral part of contemporary diagnostics of Graves' orbitopathy. Th e aim of this study was to assess proptosis measurement by MDCT and to compare it to the current standard, Hertel exophthalmometry. A crosssectional study was conducted at the Clinical Centre of Serbia and included 91 patients (19 male and 72 female) with verifi ed Graves' orbitopathy. Globe protrusion measured by MDCT (globe protrusion, GPR) was correlated to Hertel measured protrusion (HR). Th ere was no constant or any systematic bias between the two methods. GPR signifi cantly correlated with the best-corrected visual acuity, while HR did not. Age, body mass index and duration of the disease did not infl uence proptosis measurement by either method. Proptosis was signifi cantly larger in males. According to our results, GPR compared to HR provides better assessment of the protrusion in Graves' disease. GPR measurement is simple and should always be part of the radiological assessment of orbits in Graves' disease.
Introduction
Hyperthyroidism is commonly associated with thyroid associated ophthalmopathy, however, in 5% to 10% of cases it is euthyroid. Graves' disease is an autoimmune disease, aff ecting the thyroid, orbital and periorbital tissue functionality 1 . Clinically, it is present in around 50% of Graves' disease patients 2 . In the Olmsted district, Minnesota, the incidence of Graves' orbitopathy is 16/100,000 in females and 2.9/100,000 in males 3 . Most of the patients are in the age range of 30 to 50 years 4 . Smoking is the most serious risk factor for the development of Graves' orbitopathy 5 . Th e hallmark manifestation of Graves' orbitopathy is proptosis. Hertel exophthalmometry usually quantifi es proptosis. However, the design of an exophthalmometer aff ects its accuracy [6] [7] [8] . Th erefore, the aim of this study was to assess proptosis measurement by multidetector computed tomography (MDCT) and compare it to Hertel exophthalmometry as the current standard.
Materials and Methods
Th is cross-sectional study was Th e study included 182 orbits of 91 patients (19 male and 72 female) with confi rmed Graves' orbitopathy. Twelve patients were not included in the study due to incomplete data.
Th e following demographic, anthropometric and clinical parameters were collected: age and gender, number of cigarettes and smoking habit over years, body weight, body height, body mass index (BMI), duration of thyroid function disorder, and duration of ocular signs.
Th e following ophthalmology parameters were analyzed: proptosis degree measured with Oculus Hertel exophthalmometer, ocular pressure, best-corrected visual acuity (BCVA), presence of lagophthalmos, and preservation of color vision. Strabismus was classifi ed according to Gorman diplopia scoring 9 . Patients were also categorized according to the severity 10 , and clinical activity score (CAS). Multidetector computed tomography of orbits was done using a GE Healthcare LightSpeed VCT 64-slice CT scanner or GE Healthcare BrightSpeed Elite 16-slice CT scanner, according to standardized protocols for orbits in adults. All MDCT examinations were done using intravenous application of iodide contrast (Ultravist 300 mg/mL) 50 mL, with 40-s delay.
Th e following parameters acquired by MDCT were analyzed: diameters of extraocular muscles (muscle width and thickness), unilateral or bilateral aff ection of extraocular muscles (in relation to muscle width and thickness), length of interzygomatic line, distance between interzygomatic line, bulbar front polarity (globe protrusion, GPR) and volume of retrobulbar space.
Muscle width and thickness were measured for individual muscles (inferior rectus, medial rectus, lateral rectus, superior rectus and superior obliquus). Protrusion degree was measured with shortest (perpendicular) distance from interzygomatic line up to sclera surface for each bulb individually, and was expressed in mm, abbreviated defi ned as GPR value (Fig. 1) .
Th e volume of retrobulbar space was calculated by software using 'contouring' method for the right and left orbit separately 11 ( Fig. 1 ).
Data analysis
Data analysis was performed using the method of descriptive analysis and exploratory analysis. Student's t-test was used to compare two independent groups, and Pearson χ 2 -test was used to compare categorical parameters. Pearson correlation coeffi cient and coefficient of determination were used as a measure of linear
Fig. 1. Schematic display of interzygomatic line (marked in yellow) and both globe protrusion (GPR) values (marked in red).
association. Spearman correlation coeffi cient was used as a measure of association between scores. To assess constant and systemic bias between the measurement methods, Bland-Altman Plot was used. Signifi cance was accepted at p<0.05. Data are presented as mean ±SD, or median and range. Data analysis was done with the SPSS v. 20.0 statistical software.
Results
Demographic, ophthalmology and MDCT measurements are shown in Tables 1, 2 and 3 . Fifty-three (58.24%) patients were examined on the GE Healthcare LightSpeed VCT 64-slice CT scanner and 38 (41.76%) patients on the GE Healthcare BrightSpeed Elite 16-slice CT scanner. CT scanner characteristics are listed in Table 4 .
Initial Clinical Activity Score (CAS) ranged from zero to six, while the mean value was 1.78±1.34 for the right eye (OD) and 1.63±1.45 for the left eye (OS).
Th e MDCT and Hertel exophthalmometer measurements are presented in Table 2 . Th ere was signifi - Retro-orbital muscle thickness and total retro-orbital volume correlated signifi cantly with globe protrusion measured either by CT (OD: r=0.634; p=0.000; OS: r=0.676; p=0.000) or HR (OD: r=0.469; p=0.000; OS: r=0.514; p=0.000).
We found no infl uence of age and obesity expressed as BMI on globe protrusion measured with MDCT or HR. However, there was a signifi cant diff erence in globe protrusion between males and females ( Th e Gorman strabismus score 9 was not associated with changes in GPR (OD: r=0.145; p=0.169; OS: r=0.192; p=0.069) and HR values (OD: r=-0.009; p=0.932; OS: r=0.054; p=0.612). However, this score was associated with increased muscle thickness and width on both eyes (p<0.010) ( Table 3) .
Discussion
Multidetector computed tomography of orbits allows high-speed volumetric acquisition and multiplanar reconstruction (MPR) 12 . Axial and coronal MDCT scanning of the orbits is a simple, fast and noninvasive method, which provides a wide spectrum of information about extraocular muscles and retrobulbar space in general 13 . Th e aim of this study was to assess proptosis measurement by MDCT and to compare it with Hertel exophthalmometry as the current standard. We found cant correlation between globe protrusion measurements by MDCT and HR (HR vs. GPR for OD r=0.760; p=0.000; HR vs. GPR for OS r=0.799; p=0.000). Concordance between CT and HR measurements was good with no constant or any systematic bias (bias mm with 95%CI OD-OS; see Figures 2  and 3 ). Signifi cant correlation was found between the BCVA and globe protrusion measured with MDCT, but not with globe protrusion measured with HR (HR and BCVA r=-0.166; p=0.116 for OD and r=-0.095; p=0.369 for OS; GPR and BCVA (OD: r=-0.208; p=0.048; OS: r=-0.340; p=0.001).
Globe protrusion measured by both MDCT and HR correlated signifi cantly with intraocular pressure (OD: HR r=0.315; p=0.002; GPR r=0.311; p=0.003; OS: HR r=0.271; p=0.009; GPR r=0.311; p=0.003). However, there was no correlation between intraocular pressure and BCVA (OD: r=-0.142; p=0.170; OS: r=-0.130; p=0.220). 
Fig. 3. Bland-Altman Plot between globe protrusion (GPR) and Hertel measured protrusion (HR) for left eye (OS, -0.12±1.96*2.56).
excellent correlation between these two methods, with almost no constant bias and no systematic bias at all. However, only MDCT measurement correlated with BCVA, while both methods correlated with intraocular pressure and CAS score. Also, a subject with loss of color vision or lagophthalmos had higher proptosis values by both methods. Gorman strabismus score was not associated with changes in GPR and HR values, but was associated with an increased retro-orbital muscle thickness and width. Retro-orbital muscle thickness and total retro-orbital volume signifi cantly correlated with globe protrusion measured by either CT or HR.
Based on all data, we conclude that GPR and HR measure the same process (exophthalmos) caused by increase in the retro-orbital volume. Both measuring techniques are associated with other parameters of the disease severity. However, there is a distinct advantage of MDCT as it is the only method that signifi cantly correlates with BCVA, while also showing higher correlation with other parameters of disease severity. Besides, the type of exophthalmometer, patient and examiner factors infl uence measurement when using Hertel method. Vardizer et al. 7 assessed the accuracy of eight diff erent exophthalmometers and showed the design of exophthalmometers to infl uence their accuracy. Th ey also found that measurement was infl uenced by patient head position changing during examination, gaze direction, diff erence in the device to orbital border. Also, Van den Bosch 14 showed that non-moving of the examiner during examination can result in measurement errors.
In our study, neither duration of thyroid dysfunction nor duration of ocular disease infl uenced proptosis measured by MDCT or HR.
We found that neither age nor obesity had any infl uence on globe protrusion measurements by MDCT or HR. However, males had a signifi cantly larger globe protrusion as compared to females. In this study, only subjects with Graves' disease were included, so it was not possible to diff erentiate whether it was real sexual dimorphism or a disease-induced one.
Beden et al. 15 measured proptosis using Hertel exophthalmometer in 2477 Turkish subjects. Th e mean HR proptosis was 13 mm, with upper 95%CI of 17 mm. Th ey also found that HR proptosis was significantly reduced after the age of 30. We could not replicate this fi nding, probably due to diff erent study populations, but it should be taken into account that our sample was much smaller.
Nishida et al. 16 suggested that enlargement of retrobulbar lipid volumes was more signifi cant for ocular protrusion than retro-ocular muscle thickening. However, Fang et al. 13 found that both retrobulbar lipid volume and retro-ocular muscle thickening were predictors of globe protrusion, severity of the disease and prognosis of the disease. Our study confi rmed the fi ndings by Fang et al. We found that Gorman diplopia score was not associated with proptosis level, but it correlated with muscle involvement on MDCT scan, a fi nding similar to a recent one reported by Laurberg et al. 17 .
Conclusion
According to our results, GPR compared to HR provides better assessment of protrusion in Graves' disease. GPR measurement is simple and should always be part of radiological assessment of orbits in Graves' disease.
